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iefjefVY[¢lz~dxdtikÃ§[r¬ !ªel[z~dte%j~Y[¢exrfz~ikYikYmdfzvZ|pl[°rtjSZÊ[CzvV(lz~dxdikddtVYj±«efj
efVY[lÂzvdxdxiÃ§[r¬  zvex[rexVY[¨wYikdtefz~Y[d¶kÅ:Cv¹ ºopdxo§z~lklc(i9zVpimSV(wpiZ\[pdxikjS§z~lWdt|§z~[vº
g}[e «[[efVp[{dxz~Z\|Yl[Éefj*g}[Élz~dxdtikÃY[wz~Ywz~llYexVY[{exrfz~ikYikYmdxz~Z\|Ylk[dª|Yrt[¤JikjSoYdxlc[w
efj%efVY[µlÂzvdxdxiÃ§[r{wYoprxikYmexVY[?efrxz~ikYipmd/ez~m~[~ºz~rt[µCz~lkoYlzvex[w»¬®UWVY[)lz~dxdtikÃYCzvexijSQj~
efVY[p[«dfz~Z\|Ylk[%ikdhwYjSp[gc z~dtdxikmSYikYm¨ike{efVY[dfz~Z\[lÂz~dtd)z~dhexVY[*exrfz~ikYikYm¨dfz~Z\|Ylk[
jSoYYw¨«iefVexVY[µdxZz~lklk[dte{wYikdtefz~Y[)efj\ieC¬
   I Í 5 Í 3 C 1< Í  
RI
UWVY[µZ\j~efikjSrx[jSmSpikexijSdtiZ*oYlÂzefikjS¨«ilkl»g1[?ef[d/ef[wjSz%dt[ej~gYikjSlkjSmSikCz~l}Z\jv¼
efikjSiZz~mS[µdt[nBoY[Y[d£Á¤:ikwY[j¢dxz~Z\|Yl[d¦rxj~Z¿e «<jlÂzvdxdx[dº§«z~l¯BikYm¢z~YwZz~rxVYikYm
£Mdx[[³>im~oYrx[¦¾¬
UWVp[{|1[r/jSrxZz~Y[hzv§z~lc:dtid<jSpdxikdtef[wik°dtefz~rtexipmexVY[{lk[CzvrxYikYm|YV§z~dt[{«iefV°j~Y[
rfz~YwpjSZ\lkc°VYj:j~dx[[CzefoYrt[?¤S[efjSrªrtjSZ[z~Vlz~dxdÉz~pwQrt[|1[Czvex[wYlc¨ikYrt[Z\[exiYm
efVY[wYzvez°dxz~Z\|Ylk[Q£[CzefoYrt[¤S[efj~r¦{ikefVY[*«ªz~lk¯BipmzvYw Zz~rxVYikYm¨lÂz~dtdx[d¬)Ä VY[
efVY[)efrxz~ipiYm¢id{jSZ\|Ylk[ex[wexVY[rt[d/efikYm°w§zez¢dxz~Z\|Ylk[dµz~rt[*opdx[wz~dÉexVY[)ef[d/efikYmdt[e
efj nBo§z~efiÁcexVY[¨lz~dtdxiÃ§[r ·d[rtrxjSrrxzvef[v¬UWVp[¨JopZg1[r\j~É[rtrxjSrtdefV§zeefVY[¨lÂzvdxdxi ¼
Ã§[r<jSZ\Z\ikexdz~rx[{rx[jSrtwY[wz~pw°efVY[h[rxrtjSr|1[rt[Befz~mS[?ikdªz~loYlzvef[w¨j¥¤~[rexVY[{exj~ezvl
ef[d/efikYmdx[e¬
UWVp[dxikZoplÂzvexij~|YrxjJ[dxdi¤Sj~lk¤~[wefrxz~ikYipmÉexVY[lÂz~dtdxiÃ§[r«ikexVjSp[<dxz~Z\|Yl[®rxjSZ
[Cz~VECzef[m~jSrtc(£Mlz~dtd¦?z~Yw exVY[EoYdtiYm¨exVY[%rx[dte)j~sefVp[%w§zvezdxz~Z\|Ylk[dµefjex[dteµexVY[
[rxrtjSrWrfzef[)j~>exVY[)lz~dxdtikÃY[r¬ !{Áex[rjSZ\|Ylk[exipm¢efVp[)ex[d/ehz\Y[«adfz~Z\|Ylk[j~exVY[µef[dte
w§zvez¨rxj~Z [Cz~VCzvex[mSjSr/c ikdz~wpwY[wexjQexVY[\efrfzviYikYmQdx[ez~pwefVp[¢rt[dtexipmw§zvefzQikd
oYdx[wEexjef[dteµefVp[lz~dxdtikÃY[r¬UWVY[dt[%dtef[|Ydz~rx[rx[|1[Czef[wEdtoY[dxdtik¤~[lcopBexil,z~lZ\jSd/e
z~llefVY[w§zvez¢idµoYdt[w z~dhexrfz~ikYikYmw§zezp¬µUWVY[rx[jSrx[\z~d{efVY[exrfz~ikYikYmdx[e)mSrxj±«dhexVY[
ef[d/efikYmdt[e?ikdhrt[wYop[wEzvYw z¢dtZz~llk[rh[rxrtjSrÉrfzvex[ikdh[½:|1[ef[wÐ¬hUWVYikd?ikdhikllkoYdtexrfzvex[w
i³>ikmSoYrx[«VY[rx[*zvÁef[rªe «[lk¤~[*exrfz~ikYikYm¢dxz~Z\|Ylk[defVY[)lz~dtdx[d{z~rt[)«<[lklwY[ÃYY[w»¬
UWVpidexrfz~ikYikYmEz~Yw(ef[dtexiYm |prxjJ[dtd\idrt[|1[Czvex[w9oYefiklexVY[°ef[dtexiYmEdt[e\dxik¡[¨ikd
ZikYikZz~l?£Á«VY[efVY[¢dx[e*dxik¡[°id*[nBo§z~lsefjQefVY[BoYZg1[rjvªlz~dtdx[df¦¬^ efVpid*Z¢zv:¼
Y[rµz¢Zj~rx[jSZ\|Ylk[ef[%ikwY[z°j~efVp[lz~dxdtikÃYCzvexijSE|1[r/jSrxZz~[¨£exVY[rxzvef[*j~sjSrtrx[e
lz~dxdtikÃ§zvefikjSYdf¦ikdjSgpefz~ip[wjSrWwYi :Ð[rx[eÉefrxz~ipiYm ef[dtefikYmdx[e{dti¡[*rxzvefikjSd¬
NPORQ NPR
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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³>im~oYrx[M@Wy !Ä lz~dxdtikÃ§[r?[rtrxjSrÉrfzef[j~gpez~ikY[wjSexVY[´µi[dx[efrfz¥u/[exjSrxik[dhwYid ¼
rxikZ\iYzvefikYm°g1[e «<[[«ªzvl¯z~pwZz~rxVZ\j~efikjSYd¬_?efVp[¤~[rtexiz~lz½:idÉidÉ|Ylkj~exex[w
efVY[?|1[rt[Befz~mS[)[rtrxjSrrfzvex[h¤S[rxdxopdexVY[)z~Z\jSoYeWjvdxz~Z\|Ylk[doYdx[w¨efjefrxz~ikefVY[µlÂz~d ¼
dxiÃ§[r¬
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 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65 Ò 3
!hd?wY[z~leµi9¶·S¸:º»S¥¹efVY[*Ã§rxd/e?ef[VYYiknJop[¢ikdhefj°[½Jefrxz~e)Zz~Bo§z~lklcefVp[{u/jSikBexd?|1jSdxi ¼
efikjSYd<rtjSZ efVp[{¤Jiwp[jdxz~Z\|Yl[dªj~zdxoYg:u/[eWrt[|1[Czvex[wYlc¢|}[rtjSrtZikYmefVY[Ée «je cJ|1[d
j~)Z\j~efikjSYd¬ B®zvV [zvefoprx[¤~[efjSr¨jSYdxikdtexd¨j~\Å¥dt|§zvefikjv¼ ef[Z\|1jSrfzvlÉexrfzu/[efj~rxik[d
j~exVY[)u/j~iefd*j~WzQdxoYgJu/[e|}[rtjSrtZ\iYmzZ\j~exijSÐºik³>ikmSoYrt[¨efVY[QÅ¥u/jSikBexdz~rt[
dxVYj±«»¬UWVY[rt[«[rx[\rxj~oYmSVYlc v°wYi :Ð[rx[edfzvZ|pl[dµj~sefVY[dxz~Z\[%dxoYgJu/[e)«z~lk¯JikYm
z~YwQz~Yj~exVY[r{~%j~Zz~rxVpiYmp¬
UWVp[°efrxzu/[efjSrti[dj~[z~VZ\j~efikjSdxz~Z\|Ylk[E£¤JikwY[jB¦z~rx[¢dtexjSrx[wizÅ¥<<~
Z¢zefrxi ½}º:«VY[rx[µ[z~V[lk[Z\[eikefVY[?Zzvexrxi ½jSrxrt[dt|}jSpwYdªefj%zvj~rjJjSrxwYik§zvex[
j~szu/jSike?ik z¢dt|}[iÃ§efikZ\[ikYdtefz~e)z~d{dxVYj±« ikE³>im~oYrx[:¬?³imSoprx[*Ç°dxVYj±«dhexVY[
dxZ\j:jvefV[¤~jSlo:efikjSj~efVp[Wu/j~iefd|1jSdxiefikjS«ikexVQexiZ\[v¬
UWVp[j:jSrtwYik§zvef[dz~rx[Qz~lklWrx[lÂzvexik¤~[Qexj efVY[QVYik|Eu/jSikeCº®i©j~exVY[r%«<jSrxwYd\efVp[QVpi|
u/jSie¨ikdjSpdxikwY[rt[w z~defVY[ j~rxikmSiÐ¬ Uj9mS[Y[rfzvex[efVY[ lÂzvdxdxiÃ§[r[zvefoprx[¤S[exjSrxd
jSrefVY[¨exrfz~ikYikYm z~Yw(ef[dtefikYm £Mlz~dtdxiÃ§Czvexij~¦efVY[¨efVprx[[wYikZ\[Ydtij~§z~lWefrxzu/[efjSr/c
Z¢zefrxik[d\z~rx[¨rt[dtV§z~|1[w9i©zjSYdxikdtex[eZz~YY[refjjSrtZ zjSp[¨jSlkoYZ\(¤S[efjSr¬
QRQTSU'V4WX4Y
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March Walk
³>im~oYrx[{'@ !{°[¾½YzvZ|pl[?jv[Cz~V¢lz~dxdj~ÐexVY[µ´µi[dx[*¶ ~¹1iZz~mS[Édx[nBoY[Y[dWw§zez~g§zvdx[
efV§zveÉ«<[rx[%opdx[wexj¢ex[dtehefVY[*ZjvefikjSrx[jSm~Yikexij~»¬hUWVY[dx[%lÂz~dtdx[dµj~Z\j~efikjSYd{«[rx[
VYjSdx[dxikY[¢«z~l¯ z~pwZz~rtV(z~rx[\nBoYief[¢dxikZiklz~rzvYwexVJopdZ\jSrx[\V§zvllk[Ym~iYmefj
lz~dxdtikÁc~¬
Feature 
Extraction
Block
Feature
Vector
Block
Classification
Biological Motion Recognition
Feature Vector ClassVideo Sample
³>im~oYrx[µ2@s]<ljJ¯¨wYiz~mSrfzvZj~efVY[*­jvefikjSQyÉ[jSmSpikexijSQ|YrtjSgYlk[Z¬
NPORQ NPR
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Joints
Hip Joint
origin
used as
1
87
2
12
11
9
10
5
4
3
6
Joints
Frames (Time)
³>im~oYrx[¢M@´)ik[dt[°zv|Y|YrxjSz~VikY|Yope¬  [Áe@*UWVY[)u/jSikBexd)|}jSdtikexij~Ydz~rt[\Z¢zvJoYz~llcElz¼
g}[llk[w»¬syikmSVe @KB,¤S[rtc°|}jSdtikexij~id®efVY[dtexjSrx[w¨iz F4Zzvexrxi ½«VYiV¨z~°exVY[¨g1[
jJwY[wz~dÉz¨ÅF [zvefoprx[?¤S[exjSr¬
³>im~oYrx[¢Ç'@*B,¤~jSlo:efikjSj~ªexVY[µu/jSiexd|1jSdxiefikjSYd«VYiV«ilkl<g1[dtefj~rx[wzve*exVY[dfz~Z\[
|}jSdtikexij~YdªikefVY[h[zvefoprx[h¤~[exjSrªwY[dxrxik|pefikjS»¬®UWVY[?lk[ÁezvYw¨rxikmSVeªV§zvYw¨dxikwY[µmSrxz~|YV
z~rx[ z~Yw jJjSrxwpi§zef[drt[dx|1[efi¤S[lkc~¬
QRQTSU'V4WX4Y
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UWVY[¢rt[dtV§z~|YikYmj~rxwY[rikdYj~edxjQiZ\|1jSrtefz~eCºefVp[¢rxiefikCz~lefVpiYmQg1[ikYmQexj|1[r/jSrxZ
efVY[[¾½pz~e\dxz~Z\[¨rx[dtV§z~|YikYmEjS([¤S[r/cefVprx[[¨wpiZ\[pdxikjS§z~lªexrfzu/[efj~rtcZ¢zefrxik[d\dxj
efV§zve<efVY[{[lk[Z\[exdWi°exVY[hexrfz~ikYikYm¤S[exjSrWz~rt[hj~Ydxikdtefz~eWg}[e «[[[CzvVYj~efVp[r@,exVY[
dfz~Z\[Érxj±« j~»e «<j*[zvefoprx[¤S[efjSrtddtVYjSoYlkwj~rxrx[dx|1jSYwefj*exVY[Édfz~Z\[®u/j~ie<z~YwefikZ[v¬
8 8 8 9 1§C:5 Í  @ Í 6; Ò   3  Í
³>im~oYrx[¸QdxVpj¥«dexVY[°rt[dtoYlkexdjSgpefz~ikY[wexVY[¨y !Ä £gYlz~¯wpj~efdf¦*z~Yw(bD)­ lÂzvdxdxi ¼
Ã§[rtd*zvj~rxwYikYm¨efjVY[\|Yrtj:[wYoYrt[\wY[dtrxikg1[wik dx[efikjS:¬Å~¬^  exVY[%Czvdx[\j~ªbD)­
efVY[rx[)«[rx[zvldtjz¢BoYZ*g}[rhj~>|§z~rxz~Z\[ef[rxdÉefV§zve{j~oYlwQefj¢g}[*z~wvu/oYd/ef[w»¬WUWVY[Zz~ik
|§z~rfzvZ[ef[rxdÉz~rx[µexVY[ )[rxY[lU®cJ|1[£  iY[z~rºqjSlc:pjSZ\iÂz~lMº1y{zvwYiÂzvl]ªz~dtidº1b:im~Zj~iw¦¾º
efVY[ µ[rxp[l(Fh[m~rx[[£j~r)exVY[|}jSlcJYjSZ\iz~lslz~dxdtikÃ§[r¦z~YwEefVY[[rtrxjSrµefj~l[rfz~Y[¢|Yz¼
rfz~Z\[ex[r¬UWVY[%Zz~Yp[r)i«VpiV efVY[dx[%|§z~rt[Z\[ex[rtdikp[rx[w jSexVY[%lz~dxdtikÃYCzvexijS
|}[rtjSrtZ¢zvY[)V§z~dg1[[[¾½p|pljSrt[w»¬
^ EefVpid)|§z~r/efikoYlz~r)Czvdx[~ºexVY[y!Ä lÂz~dtdxiÃ§[rdx[[Z\d)efjV§zC¤S[¢z¨g}[exef[r)|}[rtjSr ¼
Z¢zvY[\efV§zv(bDµ­¬,bJoYVzMz~eikdwYikoYdtdx[w(i ¶·ÇpÅ¹ ¬¨_µg¤JikjSoYdxlcSºjSrµefVY[¢lÂz~rtmS[d/e
|}jSlcJYjSZ\iz~lwY[m~rx[[vºY«ikexVz%lz~rxmS[µBoYZ*g}[r{jv,wY[mSrx[[dj~>rt[[wYjSZºYefVY[)[dtefikZzvefikjS
idopYdtefz~gYlk[~¬ _hefVY[r[d/efikZ¢zefikjSYd¨V§zC¤S[¤~[r/c dxikZ\ilz~r|1[r/jSrxZz~Y[d¬ !{dzj~:¼
dx[nBoY[Y[«<[¨z~rt[¢m~jSipmefjjSYdtiwp[rj~Ylkc jSp[¨bDµ­ [d/efikZ¢zefjSr @efVY[¢|}jSlcJYjSZ\iz~l
¯~[rtY[lwY[mSrx[[*\[dtefikZzvefj~r¬
³>ikmSoYrx[¸,@­Qj~efikjSlz~dxdtikÃYCzvexijS|}[rtjSrtZz~Y[d{opdxikYm¢wpi;:}[rt[ehlÂzvdxdxiÃ§[rxd
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^ eikd¯Jpj¥«*efV§zvegYikjSlkjSmSikCz~ld/cJdtef[Z\d>oYdt[dx|pi¯v[jJwYikYm*¶kÅ±Ç:º:Å¹efjefrxz~YdtZieÃ§rxd/eexVY[
Zj~dte{rx[lk[¤vz~ehipj~rxZzvefikjSQiz~ikZz~mS[v¬]ªz~dx[wjSQefVYikdhikwY[z¢iehV§zvd{g1[[dxVYj±«
|Yrx[¤:ikjSoYdtlkc¨exV§zveWopdxikYm¢dtoYVQjJwYipmieikdÉ|1jSdtdxikgYl[µexj[¾½JefrfzveWefVp[µZj~dteÉiZ\|1jSrtefz~e
ipj~rxZzvefikjS rxjSZ zd/ezvexi¢iZz~m~[°ikjSrxwp[r*exjmS[Y[rxzvef[¢oYlefrfzQMz~dte*lz~dxdtikÃYCzvexijS
¶ ~Æ¥¹ ¬PUWVY[QjS|}[ nBoY[dtefikjSPid\«[zvefVp[rdxoYV j:wpiYm ikd°z~lkdxjmSjJj:w(jSr%lÂz~dtdxiÁcJiYm
gYij~ljSm~iz~lZ\j~efikjS»¬®^ jvefVY[rÉ«<jSrxwpdÉ«<[CzvexVY[rÉdx|pi¯v[jJwYikYmid{z~lkdxj¢z~gYlk[)exj¢[¾½Jefrfzve
rxikV²ikpjSrtZzvefikjS rxj~Z [¤S[r/c rfzvZ[ ik zdx[nBoY[Y[jv*ikZz~mS[dz~Yw g}[z~gYlk[efj
lz~dxdtikÁc¨«iefVz%mSj:jJw|Yrx[ikdxikjSexVY[?e cJ|}[d{jv>Z\j~exijS  
UWVp[Zz~ikwYi :Ð[rx[Y[ikexVY[dt[[¾½p|1[rtiZ\[BexdµidefVp[«zCcexVY[*lÂzvdxdxiÃ§zvefikjS[z¼
efoYrt[h¤S[efj~rxdÉz~rx[hwY[Ã§p[w¨rxjSZefVp[?rfzC«²¤:ikwY[jdxz~Z\|Ylk[dWj~efVp[he «j\Z\j~exijSpde cJ|}[d¬
UWVY[°wYi :}[rx[e%dtex[|Yd%zvrx[°dtoYZ\Zz~rxik¡[w©ikexVY[³>ikmSoYrt[Æ¦)z~Ywz~rx[¢wY[efz~ilk[wiexVY[
Y[½JeQdx[efikjS»¬³imSoprx[Å±(dtVYj±«dQnBo§zvliezvexik¤~[lc efVY[ ex[Z\|}j~rfz~l?rt[lzvefikjS g1[e «<[[
¤S[efjSr)[CzefoYrt[d[lk[Z\[efd¬*jSefrfzvrtc efj%u/jSike*|1jSdtikexijS efrxz~¯BiYmQ«VYikV|Yrxj±¤JikwY[d
zdxZ\jJj~efVmSlkjSg§z~lsikpjSrxZzvexij~jSg1jJwpcEdx[mSZ\[e%wYikdx|Ylz~[Z\[efdQ£dx[[¨³>ikmSoYrx[¢Ç¦¾º
dx|Yik¯BiYmY[oYrtjSYdj~opef|Yo:eikdzQYjSikdtcE¤S[rxdxikjS(j~efVYikddtimSYz~l«ikexVjSYlc ljJCz~lex[Z¼
|}jSrxz~lrx[lÂzvexij~Yd%£dxZz~lkl|Yik[[j~}u/jSieh|}jSdtikexij~efrxzu/[efjSr/cp¦Édx[|§z~rxzvef[wgcrxz~YwYjSZ
u/oYZ\|Ydsj~ÐexVY[dxikmS§z~lM¬)!hdsdtoYV»º:«<[lz~ikZ efV§zvesikpjSrtZzvefikjSi\efVY[dt|Yi¯BikYmp[oYrtjSYd
jSopef|popeidÉZz~ikYlkcrx[lzvex[wefj\ljJCzvl»Z\j~efikjSQipj~rxZzvefikjS»¬
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³>im~oYrx[ C'@>UWVpidÃYmSoYrx[ÉdxVpj¥«d<efVY[{z~exij~°efV§ze<ikd|1[r/jSrxZ\[wgcexVY[ÉdxjSr/ef[w°j:wY[rxikYm
gYljJ¯ «VYikV4Ã§§zvllc mS[p[rfzef[dQefVY[E[CzefoYrt[E¤~[efjSr¬ ^ ²rxz~Z\[PÅEefVY[ dxz~YYikYm
|§zvexex[rtexV§zvemS[p[rfzef[defVY[sdtjSrtex[w[l[Z\[e,jSrtwY[rtipmhikexVY[<j~opef|Yo:e[zvefoprx[s¤S[efjSrº
iddxVpj¥«Ð¬
³>im~oYrx[Å±'@ B>½YzvZ|pl[d%j~W[CzvexoYrx[¢¤S[efjSrtd%mSi¤S[exjefVp[lz~dxdtikÃY[r%oYdtiYm rt[lk[¤vz~e
dx|Yik¯~[dwY[ef[efikjS»ºz~opexjSZzvefikCz~lklc Cz~lkoplÂzvex[w rxjSZ efVY[\dx|pi¯BikYmY[oYrfzvlY[e¬\UWVY[
l[ÁeÉz~YwQrxikmSVe{VYz~YwQdxikwY[)mSrfz~|pVYdÉz~rx[ z~Yw jJjSrxwpi§zef[drt[dx|1[efi¤S[lkc~¬
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UWVY[mSjz~l:idefjµj~gpez~ikzµg}jJwpc¼ [ef[rx[w¢dx[nJop[Y[{j~1efVp[z~exijSÐ¬,UWVYikds«z~dswYjSp[Éik
jSrxwY[refjrx[dt[Z*gYl[{efVY[Édx[nJop[Y[dexV§zve<z~rx[{z~§zvlkcJ¡[w°gc%efVp[{VBoYZz~¤:ikdxoYz~l}d/cJdtef[Z
«VYilk[¨iefdefrxz~¯Bipmzv(jSg:u/[eC¬!hdexVY[¨[c~[QZ\j±¤S[dºsefrxz~¯BiYm zefz~rxmS[e«VYikl[exVY[
ez~rtmS[e®ikd<wYikdx|plÂz~ipmikexdx[lk ºBefVY[ezvrxmS[e<ikd<z~|Y|Yrtj±½:ikZzvef[lkc[ef[rt[wj~Bexj*exVY[{rt[exi§z:º
efVYikd?dfzvZ[[ :}[eh«ªz~dµm~[Y[rfzvex[w gcrxjS|p|YipmefVY[¤JikwY[j~d?efj[ef[r?efVY[efz~rxm~[e?ik
efVY[rfz~Z\[v¬,UWVYikdz~lkdxj*rt[Czvex[dªz)dxj~rte®j~»rt[lzvefi¤S[{|}j~dxiefikjSYikYmYºefjefVY[WezvrxmS[ej:jSrtwYi ¼
§zvef[Wd/cJdtef[Zz~d,efVp[W[ex[rsj~1efVY[ªefz~rxmS[eikd<zv|Y|YrxjC½:ikZ¢zef[lc\z~l«z±cJd®i%exVY[W[Bex[rsj~
efVY[ikZ¢zvmS[~¬UWVYikds«ªz~d<z~lkdxj*oYdx[w°ik¶·S¥¹dtiY[h[¤S[r/c|}jSikej:j~rxwYik§zvex[d®z~rx[Érx[lÂzefi¤S[
efjexVY[°Vpi||1jSdtikexijSpd¬³§rtjSZ z~ikZ\|Yl[Z\[ezvexij~(|}jSikej~¤:ik[«)ºszQdxikZ\|Yl[¨Z\j±¤¼
iYmjSg:u/[ewY[ef[efj~rCz~g}[¢jSgpezviY[woYdtiYmzefVYrt[dtVYjSlkwYipmef[VYYiknJop[Qj±¤~[r*exVY[
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jSgYdx[rt¤~[w»¬ Fh[ikdxikjSYd%z~g1[°ez~¯v[(ikYwY[|}[YwY[exlkc|}jSike%gc|1jSike ¶ Ç¥¹7¬ ­j~rx[
jSZ\|Ylk[½z~|Y|prxjz~Vp[d,z~%z~lkdxj{g}[®oYdx[w ¶ Çpº¥B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^ jSoprÉz~dx[µ«<[*VYz±¤~[*opdx[wQefVY[)¤vz~rxizvexijSYz~lz~|Y|prxjz~VQwY[¤S[lkjS|1[wik¶·±¹«VYikVz~l ¼
lj±«dhexj°jSgpefz~ik z¢rtjSgYoYd/e?dx[mSZ\[ezefikjSjSrÉYjSikdtciZz~mS[*dx[nJop[Y[d¬µUWVp[Z\j~efikjS
dx[m~Z[ezvexijS £Mdt[|§z~rxzvefikjS jSrx[mSrxj~oYYw ¤S[rtdxoYdg§z~¯BmSrtjSoYYw¦z~Yw efVp[ jSYd/efrxop¼
efikjSj~z%rx[dtexjSrx[wg§zv¯Jm~rxjSoYpwz~rt[wpjSY[)iz%jSop|Yl[w«zCcSº1z~lklj±«ikYmexVY[)Z\j~efikjS
dx[m~Z[ezvexijSE|§zvrte?exj¨|}jSdtikexik¤~[lc ik  §oY[Y[%efVp[rx[dtefj~rfzvexijSE|§zvrte)z~pw¤:ik[¾¼ ¤~[rxdxzp¬
UWVYidz~|Y|Yrtjz~Vikd*oYlklcz~o:efjSZzvexi°z~Ywz~g1[°ikZ|pl[Z[ef[w(jSr)¤Jiwp[jv¼ dtefrt[Cz~Z\d
£MiM¬·[v¬«ikexVz~oYdfzvlie cp¦¬É³§rxjSZexVY[gYiYz~rtcZz~dt¯Jd{jSgpefz~ip[w9£[¤S[rtcQ|Yi ½:[lidÉlÂzvg}[llk[w
z~d®j~rx[m~rxjSoYpw°jSrsg§z~¯BmSrtjSoYYw§¦º:exVY[ÉZj~dteªikZ\|}j~rtezvBe®jSrt[mSrtjSoYYwjSpY[ef[w¨jSZ¼
|}jSp[eid°[ex[rx[w4ik zÃp½:[w dxik¡[Eg1jSoYYwpiYm(g1jC½ «VYikV²id¨oYdt[w efj(rxjS| exVY[
¤:ikwY[jY¬
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efrfzvYdt[roYYefikjS¨i¨dti½°wYi :Ð[rx[BedtCz~lk[dWopdxikYm%efVY[ +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VpiV9z~rt[
|YrxjS|1jSr/efikjS§z~lÐexj%efVY[)Y[oYrfz~ldt|Yik¯~[)rx[nBoY[Yik[df¦{z~pwQexVY[ikrjJjSrxwYik§zvex[dW«iefVYikQexVY[
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³j~r?[Cz~V rxz~Z\[efVY[%|Yrtj:[wYoprx[%oYdt[wEefj¨[½Jexrfz~eµefVY[%Z\jSd/e)rx[lk[¤vz~e)dt|Yi¯v[did?exVY[
dfz~Z\[z~dWefVY[)jSp[opdx[wQik¶·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!hdZ\[efikjSY[w|Yrx[¤JijSopdxlc*ikjSrxwY[rexjmS[Y[rfzvex[®exVY[slz~dxdtikÃYCzvexijS*¤S[efjSrefVp[<dt|Yi¯v[d
«[rx[°dtjSrtex[w«iefVrx[dt|}[eexjexVY[ikr*|1jSdtikexijS £MjJjSrtwYiYzvef[d ©z~pw Y¦?dtjefVYzve*exVY[
dx|Yik¯~[d?«VYiV «<[rt[%jSefVp[efjS|l[Áe?V§z~pw jSrtY[r{j~®z¢rfzvZ[z~rx[*|YlÂzv[wÃYrxdteµz~Yw
efVY[¨jSp[defVYzve\z~rt[¨i(efVp[¨g}j~etefjSZ rxikmSVe\V§z~pw(jSrtY[r\z~rt[¨|Ylz~[w©lz~d/e£Mdx[[Q³>im¼
oYrx[ C¦¾ºÐefVpid?jSrtZ j~s[zvefoYrt[¤S[exjSr)[lk[Z\[ejSrxwp[rxikYmikdµCz~lkl[wEdxjSr/ef[w jSrtwY[rtiYmpº
wYoY[°exjefVY[MzveexV§zve*efVY[dt|Yik¯~[dz~rt[dxj~rtef[w9z~jSrxwpiYmexjefVY[ir|}jSdtikexij~(iexVY[
iZz~mS[ rfzvZ[v¬%^  efV§zve)«zCcefVY[rx[\ikd*z¨jSrxrt[dx|1jSYwp[Y[°g1[e «<[[ efVY[\|1jSdxiefikjSEj~
efVY[\dx|pi¯v[. djJjSrxwpi§zef[%«ikexVYikefVp[[zvefoYrt[¤~[efjSr*z~YwEefVY[¢z~rt[Czj~ªZ\j~exijSEefVYzve
mS[Y[rfzvex[wexVY[dt|Yik¯~[~¬h³§[CzvexoYrx[¤S[efjSrtdh«<[rx[*mS[p[rfzef[wj~rÉexVY[%~°´)ik[dt[*«z~lk¯JikYm
ZjvefikjSPdxz~Z\|Ylk[d¢exVY[j~efVp[r°~ Z¢zvrxVYikYmdxz~Z\|Ylk[dºWgYz~dx[w jS9efVY[dx[Q¤S[efjSrtdexVY[
lz~dxdtikÃ§zvefikjS|}[rtjSrtZ¢zvY[µ«z~dWef[d/ef[w»¬
^ Q³>ikmSoYrt[%ÅSÅSº§zvQ[¾½JefrfzvefikjSQj~efVY[µexjS|dx|Yik¯~[|1jSdxiefikjSYdj±¤S[r{z[« rxz~Z\[d
j~{exVY[ip|Yope¢ZjvefikjS©ÃYlZ zvrx[dxVYj±«»ºi©jSrxwp[r%efjEikllkoYdtexrfzvex[Q«VYzveidz e c:|piz~l
[CzvexoYrx[)dx[eC¬
8 H H 9 1§C:5 Í  @ Í 6; Ò   3  Í
³[zvefoprx[¤~[exjSrxd?«<[rt[%mS[p[rfzef[wj~rhefVY[%~¨´µi[dx[«z~l¯BikYmZ\j~efikjSdxz~Z\|Yl[dz~Yw
efVY[j~efVp[rh~Zz~rtVYikYm°dxz~Z\|Yl[d¬É³§jSr[Cz~VCzvex[mSjSr/c¨[CzvexoYrx[µ¤~[exjSrxd{ez~¯BikYm°ikefj
z~jSoYe)efVY[%efj~|©ÅCpº~pºSpºz~pwvdt|Yik¯~[d«[rx[mS[p[rfzef[wÐ¬UWVpid)«ªzvdwpjSY[
i¢jSrxwY[r<exj*ef[dteVYj±« dx[pdxiefi¤S[µefVY[Élz~dtdxiÃ§Czvexij~¨[rxrtjSrikd<exj*exVY[?z~Z\jSopBej~dt|Yi¯v[d
ez~¯v[ ikefj(z~jSopBe¬²]ªz~dx[w jS exVY[dt[¤~[exjSrxdºlz~dxdtikÃ§zvefikjS |1[r/jSrxZz~Y[«z~d
ef[d/ef[wEz~YwexVY[jSpÃ§mSoprfzvexijSpdh«ikexVefVp[lkj¥«<[d/ezC¤S[rxz~mS[lÂzvdxdxiÃ§zvefikjS [rtrxjSr{rfzvex[
z~rx[µdtVYj±«efj~mS[exVY[rW«iefVefVY[y !Ä ´)ik[dt[oYrt¤~[*ik³>im~oYrx[%Å¥J¬
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³imSoprx[%ÅSÅ @UjS|Q%dx|Yik¯~[|1jSdxiefikjSYdÉj±¤S[rÉz[« rfz~Z\[d{j~efVp[ikY|Yo:e{Z\j~exij~ÃYlZ¬
Average error
19
25
28
27
29
27
28
2
³>im~oYrx[Å¥M@E­jvefikjS lz~dtdxiÃ§Czvexij~ |}[rtjSrtZ¢zvY[gYz~dx[w jSPexVY[Z\jSdte°iZ\|1jSrtefz~e
dx|Yik¯~[|}j~dxiefikjSYd¬
QRQTSU'V4WX4Y
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^ ³>ikmSoYrt[%Å¥:º:exVY[zC¤S[rxz~mS[)lz~dtdxiÃ§Czvexij~[rtrxjSrtdWj~efVY[µwYi :}[rx[ehZ\[exVYjJwYdÉz~Yw
[CzvexoYrx[d?¤S[efjSr)jSZgYik§zvexij~Ydz~rx[%dtVYj±«»¬\³§rxjSZ efVY[ÃYmSoYrx[vºike)ikd)lk[Cz~r?exV§zve?exVY[
lj±«<[dte<zC¤S[rfz~m~[ÉlÂzvdxdxiÃ§zvefikjS°[rxrtjSrj~Ðz~ll:efVY[WZ\[exVYjJwYdsidefVp[y!Ä lÂzvdxdxiÃ§[r®«iefV
efVY[S%dx|pi¯v[[zvefoYrt[µ¤S[efjSrtd£My!Ä ~\dt|Yik¯~[±¦¾¬
	 51Á Í 5 3>=   I 5  Í  ;  Ò  ? Í  § =  Ò 
 3 Ó 2 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^ jSrtwY[refjikZ\|Yrxj±¤~[lz~dxdtikÃYCzvexijS|}[rtjSrtZ¢zvY[vº,ike*V§z~d*g}[[ex[d/ef[wefjrt[Z\j±¤S[
dx|Yik¯~[d{jSZ\iYm%rtjSZ¿exVY[µg§z~¯BmSrtjSoYYw»¬®UWVYikddx[m~Z[ezvexijSQj~efVp[)¤Jikdxo§zvl  §o:½ikefj
lÂzCcS[rxd*£j~rx[m~rxjSoYpw¤S[rtdxoYdÉg§z~¯BmSrtjSoYYw§¦WikdWdxj~Z[efVYikYm%«VYikVikd|}[rtjSrtZ\[wiexVY[
gYrfz~ik°gc%exVY[?­b:U z~rx[z°¶ ÆpºS~¹«VYikVD u/opdtefiÃ§[d9DWexVYid®ikwY[Czp¬UWVp[{rt[dxoplkexdjSgpefz~ikY[w
rxjSZ efVp[hdx[mSZ\[ezefikjS¨dtex[| £Mdt[[µ³imSoprx[ÅB¦®z~g1[hoYdt[wefjwYidtCz~rtw¨dx|Yik¯~[dªrxjSZ
efVY[%g§zv¯Jm~rxjSoYpw»¬%UWVY[\rx[dxoYlefikYmQrx[lk[¤vz~edx|pi¯v[d*z~rµdxVYj±« i³>ikmSoYrt[¨Å¥z~YwEiefd
iZ\|§z~eÉjSlz~dxdtikÃ§zvefikjS|}[rtjSrtZ¢zvY[)ikdÉ|prx[dt[ef[wik³>ikmSoYrt[%Å±p¬
³>im~oYrx[ÉÅ±'@³>iklef[rtipmhdx|pi¯v[d,rxj~Z4efVY[<g§z~¯BmSrtjSoYYwexj{ikZ\|Yrxj±¤~[ªlz~dxdtikÃYCzvexijSÐ¬ &{j~ex[
efV§zveVpj:jSdtipm°S%jSrWS\dt|Yik¯~[d{idt ehdtimSpikÃ§zvefi¤S[*z~ddxVpj¥«iQ³>ikmSoYrt[\Å¥:¬
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³>im~oYrx[Å2@'! dxz~Z\|Ylk[QjvÉexVY[¨gYik§z~r/cZz~dx¯Bd\jSgpefz~ikY[w(efj wpidtrxikZ\iYzvef[g1[e «<[[
g§z~¯BmSrxj~oYYwz~YwjSrx[mSrxjSopYwdx|Yik¯~[dhikQexVY[)g§z~¯BmSrxj~oYYwÃ§lkex[rtiYmp¬
³>im~oYrx[¢Å¥M@WUjS|°dt|Yik¯~[%|1jSdxiefikjSYd?j±¤~[rµz¢[« rfz~Z\[d{j~efVp[ip|Yope?Z\j~exij~Ã§lkZ
«ikexVg§zv¯Jm~rxjSoYpwQÃ§lef[rxikYmY¬
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X4Y
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!hlefVYjSopmSVexVYikd®wpj:[d®pj~e®jSrtrx[dt|}j~Ywexjzd/ez~YwYz~rxwdtefzvefikdtexiz~l§|§z~rxz~wYikmSZºB«<[ÉV§zC¤S[
rx[rtoYexVY[\[½:|1[rxikZ\[eCº>gBcEVpj:jSdtipmefVp[ D¾g1[d/e Ddfz~Z\|Ylk[djSrµefrxz~ipiYmp¬¢^ j~efVY[r
«jSrtwYdºexVYidjSrtrx[dt|}j~YwYdefjEzdfz~Z\|Ylk[¨dx[l[efikjS©gc(z~ D[½:|}[rte9D°pj~e%zrxz~YwYjSZ
dfz~Z\|YlkipmY¬*^ sexVY[rxikVY[dteCºik i:jSrxZzvexijSÐº»dfz~Z\|Ylk[d)jSr{¤S[efjSrtd)z~rx[jSgpezviY[w z~Yw
[w Ã§rxd/e*z~dµefrfzviYikYm¨¤S[exjSrxd)efj¨efVp[lÂzvdxdxiÃ§[r*Z*oYVg1[etef[rµrt[dtoYlkexdzvrx[%jSgpefz~ikY[w
z~dªdxVpj¥«Qik³>im~oYrx[ÅCÇpº:¤~[rtcdxikZiklz~rºp«Vp[QYj~eWg1[etef[r<efj«V§zveikdWjSgpefz~ikY[w«iefV
efrfzvmS[efjSrti[d¬
³>im~oYrx[¨Å±ÇM@UWVp[\ÃYmSoYrx[\dtVYj±«dexV§zveZoYVg}[exex[r)rx[dxoYlefdCz~ g1[j~gpez~ikY[wi<exVY[
rxikVY[d/ehikikpjSrtZzvefikjSdfz~Z\|Ylk[d{z~rt[dt[lk[ef[wz~dWefVY[µÃ§rtdteefrxz~ikYipmdxz~Z\|Ylk[d¬
NPORQ NPR
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!4¤S[rtc¨lk[mSiefikZzvef[hnJop[dtexij~ikdº D {j±«²iZ\|1jSrtefz~eidexVY[µikZ|Yz~ej~exVY[µ|Yrt[¤Jij~oYdxlc
Z[efikjSY[w[zvefoprx[¤~[exjSr?[l[Z[e)jSrxwY[rxikYmd/c:d/ef[Z £Mdt[[%³imSoprx[ CS¦ÉjSexVY[lÂz~d ¼
dxiÃ§Czvexij~(|}[rtjSrtZ¢zvY[«ikexVefVY[´µik[dx[°w§zvez  'DjSr D^ dikertoYiz~l<exV§zveefVY[°dx|Yik¯~[
jJjSrxwYik§zvex[dmS[p[rfzefikYmZ\[CzvYipm~oYlsefrfz¥u/[exjSrxik[d*g}[dxj~rtef[wz~pwmSrtjSoY|1[wikexVY[
lz~dxdtikÃ§zvefikjS©¤S[efjSr  MD¥¬9Ujz~Yd/«[rexVYid\nBoY[dtefikjS©«[Q|}[rtjSrtZ\[w9efVY[¨jSlklj±«ikYm
[½:|}[rxikZ\[ejS efVY[\´µik[dx[%exrfzu/[efj~rxik[d¬b:jSr/ef[wEjSrtwY[rtipm«VYiV ikdµwYjSY[%gcdtjSrte/¼
iYm¢efVY[[l[Z\[efdµ«iefVYik efVY[[CzvexoYrx[¤~[efjSrµg§zvdx[w j~efVY[ir?lkjJCzvexijS«ikexVYiexVY[
rfz~Z\[z~d\wY[dtrxikg1[w ik B>½:|}[rxikZ[ez~lhb:[exoY| ik dtoYgYdx[exijS *lÂz~dtdxiÁcJiYm©­Qj~efikjS
«ikexVb:|pi¯v[°y[dt|}jSpdx[d)«z~d)jSZ\|§z~rt[wEefjQ|}j~dxiefikjS:¼ exrfzu/[exjSrtcjSrxwY[rxikYm«[rx[[¤¼
[rtc |}jSdtikexij~²ik efVY[¤~[exjSrQg}[ljSpmSd¨efj9z(dx|1[ikÃ§Eefrxzu/[efjSr/c£7zvd«z~dwYjSp[ ik
dxoYgYdt[efikjS*lÂz~dtdxiÁcJiYm¢­jvefikjS°«iefV¨Urfzu/[efj~rxik[d¦¾¬sUWVY[µ[ :}[efdªj~exVY[?dtjSrtex[w¨jSr ¼
wY[rtiYm)«iefV°rt[dt|}[e®efj)efVY[|1jSdxiefikjS:¼ efrfz¥u/[exjSrtc\j~rxwY[rxikYmzvrx[dxVYj±«¢i¢³>ikmSoYrx[)Å¥¸J¬
UWVY[{´)ik[dt[Éexrfzu/[efj~rxik[ds«[rx[ÉoYdx[wexj*jSZ\|§z~rx[WexVY[We «j)e cJ|}[d<j~ÐjSrxwp[rxikYmg}[Cz~opdx[
ikeWikdªjSZ\|YlikCzef[w¨exj%wYjefrxzu/[efjSr/c¢exrfz~¯BikYm\jS¨YjSikdtc°w§zvez*dxoYVz~dexVY[hefj~|¨dx|Yik¯~[
|}jSdtikexij~w§zvefzp¬hÄ iefVefVp[\´)ik[dt[Z\j~efikjSexrfzu/[exjSrxik[d?jSrtZ\[wgcexVY[j:j~rxwYik§zvex[d
j~ÐexVY[®u/oYpefikjSYd<j±¤S[r®efikZ\[~ºJike<id<dxikZ\|Yl[Éefj*mS[Y[rfzvex[{|1jSdtikexijSJ¼ efrxzu/[efjSr/cjSrxwY[rxikYm
«ikexVYiefVp[lÂzvdxdxiÃ§zvefikjS¤~[efjSrtd¬
!{d%Cz~9g1[dx[[©i©³>ikmSoYrt[Å¥¸exVY[[CzvexoYrx[¢¤S[efjSr\dtjSrtex[w9jSrxwp[rxikYm wYjJ[d%pj~e
dxikmSYiÃ§Cz~exlkcaikYrx[Czvdx[(efVY[(lÂzvdxdxiÃ§zvefikjSÈ[rxrtjSrrfzef[«iefV rx[dx|1[eEexj |}jSdtikexij~:¼
efrfz¥u/[exjSrtc*jSrtwY[rtiYmp¬,UWVYikddxoYmSm~[dtexd,efV§ze,efrxzu/[efjSr/c*exrfz~¯BikYm)id,pj~eszh¤S[rtcrxopiz~l
|§z~rtejv>Z\j~exijSQlz~dtdxiÃ§Czvexij~»¬
UWVp[*Zz~ikwYi :}[rx[Y[*iefVp[dx[)e «<j°j~YwYiefikjSYd{«z~defVY[µ«zCcQexVY[)lz~dxdtikÃYCzvexijS
¤S[efjSrtd*£MjSrexVY[µ[CzvexoYrx[?¤~[efjSrtd¦Wz~rx[µm~[Y[rfzvex[w¨rxjSZ&efVY[´µik[dx[µZ\j~exij~exrfzu/[exjv¼
rxik[d¬_?jSp[¢V§zvYw»º>¤~[exjSrxd«[rx[m~[Y[rfzvex[w«iefV|1jSdtikexijSJ¼ efrxzu/[efjSr/c jSrxwY[rxikYm
iPj~efVY[r«<jSrtwYd°efVp[cPz~rx[efVp[[¾½Yzvedxz~Z\[¤~[exjSrxd¢efV§zve«<[rx[oYdx[w efjZ[z~dxoprx[
efVY[*lz~dxdtikÃ§[r?|1[rtj~rxZz~Y[ikdxoYgpdx[efikjS *lÂzvdxdxiÁcJipmQ­j~efikjS«iefVUrxzu/[efjSrti[d¬
^ QexVY[dt[lz~dtdxiÃ§Czvexij~¤S[efj~rxdh[z~V|1jSdtikexijSQ«ikexVYikefVp[¤~[exjSrÉg}[ljSpm¢efj¢z\[r ¼
ez~ikefrxzu/[efjSr/cj~<z°[r/ez~iku/jSie)zvYwefV§ze?ikdµjSYdtid/ef[Be)exVYrxjSopmSVYjSope?z~lklefVp[
dfz~Z\|Ylk[d¬{UjmS[Y[rxzvef[efVY[*lz~dxdtikÃ§zvefikjS¤~[exjSrxd{«ikexVdxjSr/ef[wjSrxwp[rxikYmefVY[*dfz~Z\[
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